Opak river mouth, located in Yogyakarta, Indonesia, has dynamic morphological features with active migration of the river-mouth opening. Several studies have been done around the location. However, processes of the river-mouth opening migration have not been fully understood. This research is aimed at elucidating the processes of the river-mouth migration. A series of aerial images of the study area were firstly analyzed to clarify the general tendency of short-term and long-term migration of the river mouth. A number of simulations were then conducted using an online-coupled model of Delft3D Flow and Deflt3D Wave (SWAN). The short-term behaviors of the migration was partially reproduced by the model, although the long-term migration was not well captured. The model results suggest that asymmetric features of tidal currents through the opening over ebb-flood and neap-spring cycles play a key role in the morphological evolution.
INTRODUCTION
River mouth migration carries out an important role in nearshore area. It influences not only the exchange capacity of water and sediment between river and ocean, but also the amount of sediment bypassed alongshore. In consequence, this feature affects coastal and river morphology in an extensive area.
Besides the fluvial factors, river-mouth hydrodynamics and sediment transport processes are also affected by waves and tide. In a wave dominated river mouth, sandbar formation is often resulted by waveinduced sediment transport mechanism. Balance between river discharge and wave energy highly affects the natural sediment bypassing rates, which induces a deflected river mouth 1) . A long-term exploratory morphological model has explained the wave influence on deflected river mouths, quantifying the natural sediment bypassing 2) . In addition to wave actions, tidal forcing also plays an important role in determining the river mouth morphology. A conceptual mass balance model was used to investigate the ebb-tidal shoal formation and sediment bypassing around a tidal inlet, which also showed the influence of tidal force in maintaining the inlet opening 3) . In addition to that, the role of tidal range and dimension of inlet barrier to the inlet migration rate and river mouth closure mechanism was also explained by an exploratory model 4) . A typical case of dynamic sandbar morphology is observed in Opak River mouth, located in Yogyakarta, Indonesia (8°0.698'S, 110°17.030'E). This river, as well as several other rivers along the South Coast of Java, shows river mouth deflection westward following the dominant wave direction (Fig. 1) . Moreover, the river mouth opening migrates from time to time by changes in wave and tidal forcing.
River mouth opening seems to be narrowing in dry season and widening in rainy season. Furthermore, closure might have occurred in a longer dry season as in 1997 5) . A study suggested that incidental dredging should be used to address the problem 5) . Correspondingly, local news also mentioned that dredging activity was often being carried out to create an artificial opening. A short-term change of the sand spit around this river was described by field survey in the area 6) . Nevertheless, the mechanism of the opening migration in this river has not yet fully explained.
In this study, aerial images of the area were firstly analyzed to capture the tendency of short-term and long-term migration of the river mouth. A number of simulations were then conducted using the Delft3D model in an attempt to elucidate the mechanism of the river mouth migration and closure in the area.
METHODOLOGY (1) Satellite image observation
In order to observe long-term morphological changes, satellite images were collected and observed. Images from Google Earth and Landsat TM were gathered and used to extract the shoreline changes. Short-term and long-term river mouth opening migration were captured, as illustrated in Fig. 2 . The figure displays one imagery data captured in 2013, overlaid with the development of updrift sand spit. The image could clearly express the westward migration trend.
Three main findings were drawn from the image observation. First, in long-term scale, the river opening tends to migrate westward. This is illustrated by a series of the sand spit forms from 2010 to 2013 in Fig. 2 . Second, in short-term scale, inlet migration change is sometimes eastward, as suggested by images captured in January and March 2016. This could be understood owe to seasonal variations of wind direction. Lastly, overall series of images also indicates the occurrence of river mouth narrowing or closure, especially when the opening is in the most downdrift area (west). However, the migration rate is different from time to time. Changes in wave and fluvial conditions could be the influential component for the migration rate.
Unfortunately, images of the river opening located in the downdrift area (west) was not acquired. Therefore, it is uncertain to assume the cyclic mechanism of the migration after it reached the downstream end. River mouth closure might have occurred in the area, followed by artificial opening (dredging) in the eastern part of the spit.
(2) Hydro climatology
Wind data was downloaded from BMKG (Indonesian Agency for Meteorology, Climatology and Geophysics). This data was used to determine representative wave condition for the simulation owing to the absence of wave data. Generated wind rose suggested that dominant wind flows from the South direction. Significant wave height and period were generated from this wind data using the standalone Delft3D Wave. This approach suggested that Hs = 1 m and T = 8 s are suitable for the ordinary wave condition.
Water level variation was introduced using tidal constituents at Tjilacap Tide Station from the IHO (International Hydrographic Organization) which was accessed using Delft3D Dashboard. The Formzahl number of 0.41 indicates that the tidal cycle of this location is mixed semi diurnal type with the highest tidal range of 1.9 m. Upstream river discharge of Opak River, as well as other river branches flowing to the downstream of Opak River mouth, were presented in one-year data 7) . During wet season, high river flow would be around 50 -100 m3/s, while normal discharge was around 25 -50 m3/s. In this regard, effect of river flows was considered insignificant. Therefore, the river discharge will be neglected in most scenarios in this study. A focus is given to the influence of waves and tides on river mouth morphology.
(3) Delft3D model setup
Hydrodynamic and morphology changes were simulated through online coupling of Delft3D-Flow and Wave (SWAN) model. Delft3D-Flow computes the hydrodynamics, sediment transport, and morphodynamics calculation, while Delft3D-Wave executes the wave propagation following SWAN model 8) . Three model domains were used in the simulation as shown in Fig. 3 . The flow domain consists of an area of 5.5 × 4 km, with varying grid size: the smallest grid size is 12.5 × 12.5 m near the river mouth and gradually increased to 100 in the deeper area. This domain was generated based on bathymetric data surveyed in April 2013. It was then embedded in the wave domain covering a larger area. The wave domain was set to be large enough to eliminate model boundary effect to the area of interest. This was represented by two different model domains: an area of 17.5 × 5.5 km with 250 m grid, which is nested to a larger domain with 500 m grid (Fig. 3) . Bathymetry for these two domains was composed by combining bathymetry data from GEBCO and the field survey.
Three open boundaries were assigned to the flow model. Along the offshore boundary, water level variation was imposed by assigning tidal components as presented in Table 1 . In order to allow water and sediment to move in and out, Neumann boundary condition was set in both left and right boundaries.
Three uniform boundaries were defined in the southeast, southwest, and northwest side of the wave domain. One meter wave height coming from the south direction (180N) with wave period of 8 seconds was given to the boundaries. For the morphological model, sediment grain size was assumed to be 500 µm according to a field survey. All models were set to allow 12 to 24 hours hydrodynamic spin up before it executed the bed level changes. Simulation period was set to 1 -2 months to cover two tidal cycles.
(4) Model scenario
Two model scenarios are presented to describe the river-mouth closure and migration observed in 2013 and 2010 respectively. Bathymetry data for cases other than 2013 were created by modifying the initial location of the opening based on the field survey data. We simulated long-term morphological changes using online-coupled model with the morphological factor.
RESULTS AND DISCUSSION (1) Wave distribution
Computed wave distribution for all scenarios are represented by the wave field in Fig. 4 . The figure shows mean wave direction and significant wave height distribution for the largest wave grid and two smaller nested domains. It shows that the nested model conveys the appropriate wave field for different grid sizes. It also indicates that the wave domain is large enough to eliminate boundary effect in the flow domain. 5 displays the wave distribution for the nearshore area. Wave direction and height are nearly uniform in the longshore direction with minor variations due to the bathymetric non-uniformity. Waves exhibit wave breaking near the shoreline, rapidly decreasing the wave height. Wave height inside the river mouth is very small due to the small opening width. Therefore, waves do not cause active sediment transport inside the river.
(2) Velocity distribution
Delft3D morphological model employs advectiondiffusion equation for the sediment transport processes 8) . Hence, flow velocity induced by waves and tides is crucial. Here, velocity profiles under different tidal conditions were compared. Fig. 6 depicts the velocity profiles around river mouth opening at ebb and flood phases during both neap and spring tides. These four phases are indicated by red markers in tidal wave profile, which is displayed in the right panel. Tidal range is around 0.4 m during neap tide and 1.9 m during spring tide. The obliquely incident waves generated a longshore current westward, which take the maximum value around the breaker line. Following the longshore current, sediment is transported westward. Flow velocity around the river mouth opening is dominated by the tidal current. During the spring tide, a strong flow connecting from the longshore current is directed into the river mouth at the flood phase, while a highly concentrated flow is developed out of the river mouth at 
(3) River mouth closure
River mouth closure is likely to happen in the most downdrift side of the sand spit. In general, it is known to be caused during the low river discharge. However, in the present case, river discharge is relatively small. Therefore, the closure seems to occur during the neap tide when the ebb flow is not significantly developed through the opening.
Two cases with different wave conditions, normal wave and high wave conditions (Hs = 1 m and Hs = 4 m), are compared. The normal wave height was estimated from wind data analysis, while the high wave was selected based on a local news source. Tide and other open boundary conditions were similarly set for the two cases.
The morphological factor (MorFac) was used to speed up the bed level change. This factor amplifies the calculated bed level change. A MorFac of 20 was assigned to the normal wave case and 4 for the high wave case. Simulation results using MorFac 20 and 4 for the normal wave case had shown reasonable agreements. Therefore, MorFac 20 is then used for the all cases, except for the high wave condition. The initial bed profile and computed bed profiles after 140 days and 1.5 years are shown in Fig.7(a)-(c) , respectively. A river-mouth closure is observed after 140 days. However, an opening is reformed after 1.5 years. It was found that the closure occurs during the neap tide, but it will be breached during the spring tide, which generates strong ebb flows. In addition to that, natural sand bypass is less disturbed during the neap tide, which provides sediment to the down drift side. Conversely, the sediment bypassing might be blocked during the spring tide leading to beach erosion on the down drift side. The neap-spring cycle seems to maintain the river mouth opening in the present model result. A bed level change after 4 days by high wave conditions is presented in Fig. 7(d) . The results is comparable with the bed profile after 140 days under normal wave conditions. The comparison shows a significant difference of time needed to reach a similar state from the initial bathymetry. Higher waves would bring a larger amount of sediment, and thus river mouth closure might occur faster.
For the case of the west opening, updrift sand spit seems to be eroded, while the downdrift side grows eastward even though the sediment is transported westward. The strong flows causes erosion around the tip of the updrift sand spit and transports sediment into the river mouth at the flood phase. At the ebb phase, the opposite high velocity could bring back the sediment to the ocean. However, as seen in Fig. 6 , velocity direction during the ebb is different from that during the flood phase. Therefore, the sediment might be deposited in the west side, which helps the downdrift sand spit to grows eastward. The second 
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mechanism that might prevails is the natural bypassing, especially during neap tide.
(4) River-mouth migration
Another key feature of this river mouth is the opening migration. As explained in the previous section, river mouth opening tends to be migrating westward. Here, we attempted to simulate its migration by the present model. The initial bathymetry was created by introducing an opening in the middle of the sand spit. Fig. 8 shows the initial and final bed level elevation after 1.5 years simulation. In the final bed profile (lower panel), the opening is slightly migrate westward through erosion on the downdrift side while widen the opening. A river mouth terrace seems to be developed instead of the occurrence of further migration. A possible reason for this may be that the incoming wave height in the simulation was kept constant over the period (Hs = 1m). Considering the fact that the sand spit height is more than 2 -3 meters at some locations, the sand spit erosion at the high elevation cannot be reproduced by the present model. Wet cells might not occurred in all sand spit's grid cells. Therefore, it is difficult to reproduce the erosion on the downdrift cells.
CONCLUSIONS
This work investigated the mechanism of river mouth opening migration in Opak River through aerial image analysis and numerical simulations. Simulations of the closure and opening migration were done through online coupling between Delft3D Flow and Delft3D Wave.
The model results suggest that tidal currents through the river-mouth opening play a key role in the local morphological changes. Asymmetric features over the ebb-flood cycle as well as the neapspring cycle have a significant influence on the shortterm and long-term migration of the river mouth opening. Although the morphological changes were not fully reproduced, the model partially captures the short-term trend of the morphological change. For further model performance, occasional high waves should be taken into account for representing the sand spit deformation at higher elevation. 
